Introduction {#sec1}
============

Soft tissues are distinct in possessing an oxymoronic mechanical property combination: they are compliant to the touch yet resistant to deformation, which imbues their characteristic feeling of firmness.^[@ref1],[@ref2]^ While initially they are very soft with Young's moduli ranging from *E*~0~ = 10^3^--10^5^ Pa, tissues rapidly stiffen by a factor of 10^2^--10^3^ within a short interval of strain ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref3]−[@ref6]^ This strain-adaptive stiffening represents one of nature's key defense mechanisms that prevents accidental tissue rupture and serves as a benchmark for various industrial^[@ref7],[@ref8]^ and biomedical applications.^[@ref9]−[@ref12]^ Tissue softness is routinely replicated with polymer gels,^[@ref13]^ but gels are limited in their ability to copy nature's strain-stiffening capabilities ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) as accentuated by the sharply diverging deformation responses of adipose tissue and a silicone gel utilized in breast implants ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). This mechanical mismatch is further exacerbated by both spontaneous^[@ref14]^ and induced^[@ref15]^ solvent migration leading to inadequate performance of engineered devices and unforeseen health risks.^[@ref16]^

![Mechanical mismatch. Stress--elongation curves of assorted (a) biological tissues and (b) polymeric gels, which demonstrate tissue's much stronger stiffening ([Tables S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)). Lines guide the reader, while data points represent literature data. (c) Stress--elongation responses of omental adipose tissue and silicone gel extracted from a commercial breast implant display a significant difference in strain-stiffening (β) despite a similarity in the Young's modulus (*E*~0~). (d) An *E*~0~ vs β map partitions polymeric gels (△) and biological tissues (○) as two distinct classes of materials. The β values are obtained by fitting stress--elongation curves with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, whereas *E*~0~ corresponds to the curve slope at λ → 1 ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}). The model is successful in fitting the entirety of gel elasticity, but only the elastic portion of tissue response before yielding.^[@ref17]^ Numbers at data points correspond to the stress--elongation curves in (a, b). Bottlebrush elastomers (■) mimic the stress--strain response of gels,^[@ref18]^ but are unable to reach the tissue territory.](oc9b01216_0001){#fig1}

Results and Discussion {#sec2}
======================

To guide the materials design toward soft tissue firmness, we introduce an equation of state relating true stress *σ*~true~ with sample uniaxial elongation ratio λ = *L*/*L*~0~ from its initial size *L*~0~ to deformed size *L* aswhich describes the nonlinear elastic response of polymer networks ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b) as a function of two molecular parameters: structural modulus *E* and strain-stiffening parameter β.^[@ref19]^ The modulus is controlled by the density (*ρ*~s~) and conformation of stress-supporting strands as *E* ≅ *k*~B~*Tρ*~s~⟨*R*~in~^2^⟩/(*b*~K~*R*~max~), where *b*~K~, ⟨*R*~in~^2^⟩, and *R*~max~ are a strand's Kuhn length, mean square end-to-end distance, and contour length. The strain-stiffening curvature ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) is determined by potential extensibility of network strands from their initial mean-square end-to-end distance ⟨*R*~in~^2^⟩ to the corresponding contour length of a fully extended strand as β = ⟨*R*~in~^2^⟩/*R*~max~^2^ such that 0 \< β \< 1. For polymer networks with nonlinear responses, the Young's modulus *E*~0~ depends not only on network strands density (*E* ∼ *ρ*~s~), but also on their initial conformations (β ∼ ⟨*R*~in~^2^⟩) asSimply, this elastic model provides two parameters observable in stress--elongationplots ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c): the initial slope or softness (*E*~0~) followed by a curvature or firmness (β), which characterizes resistivity of material to deformation. Respectively, mapping \[*E*~0~, β\] allows partitioning gels and tissues into two distinct materials classes with similar *E*~0~ yet vastly different β (*β*~gel~ ≪ *β*~tissue~) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). The limited firmness of linear-chain polymeric gels (β~gel~ = β~dry~⟨*R*~in~^2^⟩~gel~/⟨*R*~in~^2^⟩~dry~ = β~dry~α^2/3^ \< 0.2) originates both from weak strand extension in as-prepared networks (*β*~dry~ ≅ 0.01) and an upper bound on their swelling ratio (α \< 100).^[@ref20]^ For a deeper discussion on the origins and validity of this elastic model, we encourage the reader to pursue prior literature.^[@ref19]^

Various molecular and macroscopic constructs have endeavored to bridge the *strain-stiffening divide* and replicate tissue firmness (0.7 \< β \< 1) in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,^[@ref17],[@ref18],[@ref21]−[@ref26]^ but as of now, most attempts have fallen short of β \> 0.4, including our earlier studies utilizing solvent-free bottlebrush elastomers (filled squares ■ in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d).^[@ref18]^

In this regard, self-assembled networks of linear--bottlebrush--linear (LBL) block copolymers have proven to be a resourceful scaffold given the hierarchical integration of molecular and particulate motifs within each network strand ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a).^[@ref17]^ On the molecular scale, B-block side chains simultaneously decrease cross-link density and extend network strands promoting both softness and firmness, respectively.^[@ref27]^ Additional strain-stiffening results from strong microphase separation between both the chemically and architecturally distinct blocks forcing further strand extension (*R*~in~ increase).^[@ref28]^ On a mesoscopic scale, bottlebrush strands behave as flexible filaments that exhibit low bending rigidity and unfold at lower forces followed by stretching of the bottlebrush backbone and concomitant withdrawal of L-blocks from microdomains at higher forces. Critically, L-block microdomains serve as hidden length reservoirs^[@ref29]^ that offset the limited extensibility of the inherently strained brush-like strands while also mitigating uneven stress distributions. This hierarchical organization empowers telescoping activation of deformation mechanisms responsible for the soft-to-firm transition ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), which qualitatively mimics the sequential unfolding, stretching, and yielding of microfibrils in collagen networks.^[@ref30]^

![Hierarchical deformation. (a) LBL self-assembly is regulated by molecular (*n*~bb~, *n*~sc~, *n*~L~) and morphological (*R*~sc~, *D*~L~, *R*~in~, *l*) parameters, where *Rsc* - brush radius, *D*~L~ - L-block domain diameter, and *l* - distance between neighboring side chains along the bottlebrush contour. (b) The cascade of deformation mechanisms during uniaxial extension of LBL networks: (1) unfolding of bottlebrush filaments limited by *f*~unfold~ \< *k*~B~*T*/*b*~K~ ≅ *k*~B~*T*/*R*~sc~ ≅ 0.5 pN (for *n*~sc~ = 70), (2) stretching of backbones inside brush envelops ranging within *k*~B~*T*/*R*~sc~ \< *f*~stretch~ \< *k*~B~*T*/*l*~0~ ≅ 20 *pN*, where *l*~0~ = 0.25 nm is the monomer projection length, and (3) pulling linear chains from microdomains creating a new interface between exposed linear block sections and the bottlebrush matrix. The two-head arrow indicates that chain pulling may overlap with backbone stretching. The pulling force is on the order of *f*~pull~ ≅ *γ*~LB~*l*~0~ ≅ 2.5 pN, where *γ*~LB~ ≅ 10 mN is the surface energy of the L--B interface. The actual *f*~pull~ value may be higher due to kinetic barriers imparted by glassy L-domains.](oc9b01216_0002){#fig2}

To validate this concept, we synthesized two groups of LBL triblock copolymers with a polydimethylsiloxane (PDMS) bottlebrush block (B-block) and two poly(methyl methacrylate) (PMMA) linear end-blocks (L-blocks). These groups differ by the degree of polymerization (DP) of PDMS side chains, *n*~sc~ = 14 (Group 1) and *n*~sc~ = 70 (Group 2) and contain several series of LBL triblocks with different DP's of bottlebrush backbone (*n*~bb~ = 100--1100) and PMMA L-block (*n*~L~ = 50--1300) ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a compares representative stress--elongation curves from each group to demonstrate the effects of *n*~L~ and *n*~sc~ on the Young's modulus and strain-stiffening ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf) shows a complete set of deformation curves). An \[*E*~0~, β\] map reveals that all Group 1 plastomers coalesce (green, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) to successfully cross the gel-tissue divide, yet skirt many essential tissues such as muscle (β = 0.7), skin (β = 0.8), and fat (β = 0.9) located in the bottom-right corner of the tissue territory. To reach this corner, LBL's with longer side chains (Group 2) were employed. Elongating side chains simultaneously reduces cross-link density and extends network strands, thereby maintaining tissue-relevant softness with enhanced firmness that yields a shift in the observed coalescence (black symbols in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).

![Bridging the gap. (a) Stress--elongation comparison of Group 1 (*n*~sc~ = 14, dashed) versus Group 2 (*n*~sc~ = 70, solid) plastomers with similar B-block backbone DP *n*~bb~ = 300 and L-block volume fraction *ϕ*~L~ = 0.3--0.9 demonstrate Group 2's enhanced strain-stiffening. (b) The *E*~0~ vs β plot from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d where Group 1 plastomers (green) enable gel-tissue bridging, while Group 2 plastomers (black) successfully penetrate into the tissue territory ([Tables S1--S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)). Dashed lines are used to guide the reader and not indicative of theoretical correlation. Group 2 plastomers with shorter backbones (*n*~bb~ = 100) shift toward higher *E*~0~ (black ●), due to a star-like strand conformation as *n*~bb~ ≈ *n*~sc~ ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)). (c) Correlation between mechanical properties (*E*~0~ and β) and molecular parameters (*n*~L~, *n*~bb~, *ϕ*~L~) demonstrate good agreement with theoretical analysis summarized in [eq S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf), where *ϕ*=*n*~g~/(*n*~g~+*n*~sc~). (d) Selected USAXS/SAXS spectra of Group 1 and 2 plastomers with a similar *n*~bb~ ≅ 300 (see [Supporting Information for a complete set of X-ray curves](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf) for a complete set of X-ray curves). The observed increase of the interdomain spacing (*d*~3~) of Group 2 plastomers correlates with enhanced strain-stiffening from longer side chains. (e) Uniaxial extension of a Group 1 plastomer results in a *d*~3~ increase obtained from in situ variation of the structure factor *S*(*q*) in the stretching direction (arrow in inset). *S*(*q*) was computed by dividing the total scattering intensity by the fit of the form-factor of polydisperse solid spheres. The 2D USAXS patterns given in the inset correspond the to the values of λ of 1.0, 1.4, and 2.0 (from left to right). Azimuthal variations in the 2D USAXS pattern suggest network topology restructuring during deformation. (f) Relative decrease of the *d*~1~ spacing during elongation was deduced from the high-*q* shifts of the bottlebrush peak (insets) with Group 2 plastomers exhibiting stronger dependence consistent with enhanced strand firmness.](oc9b01216_0003){#fig3}

Theoretical analysis ([eqs S1--S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf) and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) corroborates the observed *n*~sc~-specific coalescence in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b by correlating the attained mechanical properties with the corresponding architectural parameters ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). For a fixed *n*~sc~, this universality serves as a theoretical foundation for independently tailoring plastomer firmness from its softness. The architectural firmness enhancement is probed by ultrasmall angle X-ray scattering (USAXS) at different length scales both before ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) and during deformation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,f).^[@ref31]^ Prior to deformation, B-block filaments are self-extended due to strong microphase segregation evidenced by the well-defined microdomain size (*d*~2~) and periodicity (*d*~3~) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d and [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)). For a given *ϕ*~L~ and *n*~bb~, an *n*~sc~ increase results in a (2.2 ± 0.2)× increase in *R*~in~ ≈ *d*~3~ -- *D*~L~ consistent with the enhanced firmness (β~70~/β~14~ = 1.7 ± 0.1), where *D*~L~ is the diameter of PMMA spherical domains determined from their form-factor (*d*~2~). During deformation, strand extension is a product of three mechanisms operating at different stresses ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) evidenced by low-*q* shifts of the *d*~3~ spacing ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e) and high-*q* shift of the *d*~1~ spacing ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f). Even though the *d*~1~ spacing is nontrivially related to bottlebrush block diameter,^[@ref32]^ the high-*q* shift is indicative of backbone extension given to the constant packing density constraint (condition). Because of a lower filament extension threshold of ∼(*k*~B~*T*)/*R*~sc~, Group 2 plastomers undergo backbone extension prior to yielding of linear block domains at ∼γ~LB~*l*~*0*~ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). This results in stronger dependence of *d*~1~ on deformation of ca. 5% compared to 1% shown by Group 1 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f). Although both variations are marginal with respect to the total strain of 50--100%, they cause significant force augmentation due to nonlinear elasticity of the pre-extended backbone.^[@ref8],[@ref9]^ In addition to unraveling of bottlebrush strands and backbone extension, a *d*~3~ shift includes withdrawal of linear blocks from the L-domains. Even though X-ray measurements did not give measurable evidence of linear block withdrawal due to its small effect on *d*~2~, microdomain yielding was corroborated by measuring loading--unloading hysteresis as a function of deformation ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)) and by computer simulations of plastomer deformation.^[@ref17]^ Despite microdomains yielding, deformation of plastomer samples was fully reversible up to rupture, whereas an onset of hysteresis was observed at λ ≈ 0.6*λ*~max~. At elongations λ \< 0.6*λ*~max~, plastomers demonstrate elastic deformation without hysteresis ascribed to extension of network strands.

Regulating firmness (β) without compromising softness (*E*~0~) has significant implications in the design of biomedical devices and is particularly challenging for ultrasoft and ultrafirm tissues. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a exemplifies stress--elongation curves of assorted plastomers that reveal agreeable mechanical responses with brain, fetal membrane, and spinal cord tissues. These solvent-free materials also successfully replicate adipose tissues ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) and serve as a superior solution to commercially available silicone gel-based products ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) that leach into the body.^[@ref15],[@ref16]^ Additionally, biological tissues exhibit significant variation in mechanical response depending on bodily location, age, strain rate, and deformation direction with respect to tissue texture. In the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf), we demonstrate additional tunability potential of the plastomer platform by mixing LBL plastomer networks with corresponding LB diblocks and free bottlebrushes ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)). Although LBL plastomers precisely replicate most of the stress--strain response of biological tissue including the initial elasticity and subsequent yielding, they fall short of mimicking tissue strength at rupture and represent one of the challenges for future studies.

![Plastomer tissue relevance and biocompatibility. (a) Selected true stress--elongation curves of Group 2 plastomers (lines) overlaid onto spinal cord, fetal membrane, and porcine brain tissues (symbols) found in the literature ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)) with similar mechanical properties. (b) Selected true stress--elongation curves of Group 2 plastomers (lines) match different types of adipose tissue (symbols). (c) The proliferation of human normal mammary epithelial and adipose-derived mesenchymal stem cells cultured onto a 300--1/70 plastomer surface and monitored by fluorescence microscopy after 1, 3, 5, and 7 days. Cells became confluent within 7 days. (d) Corresponding DNA quantification of the cultured human normal mammary epithelial and adipose-derived mesenchymal stem cells after 1, 3, 5, and 7 days.](oc9b01216_0004){#fig4}

The LBL platform also exhibits adequate biocompatibility as demonstrated by the adhesion and proliferation of human normal mammary epithelial and adipose-derived mesenchymal stem cells (MSCs) cultured onto a 300--1/70 surface ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). Monitoring the cultured cells by fluorescence microscopy over the course of a week reveals plastomers as adequate substrates for both cell's viability and proliferation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c,d). In contrast, silicone gels used in commercial breast implants show a high cytotoxicity likely due to leaching of an ill-defined liquid fraction poisoning cells. We quantified the leachability via aqueous extraction of the sol fraction from both a commercial silicone gel and our plastomer over 1 month ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)), which highlights the higher purity of plastomers as compared with current leading commercial products.

Conclusion {#sec3}
==========

This study has significantly advanced our understanding of the materials design platform previously reported^[@ref17]^ by (i) elucidating the material's deformation mechanism encoded into a single network strand and (ii) demonstrating that our materials not only bridge the firmness divide between traditional soft gels and tissues, but have also successfully replicated the evolutionary soft-to-firm mechanical response found in particularly soft brain, fetal membrane, and fat tissues. Furthermore, these solvent-free materials exhibit superior biocompatibility compared with commercial products and show promise for further in vivo studies. We believe combining these unique characteristics will revolutionize future applications in the emerging biomedical and soft-robotics fields.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Methyl methacrylate (MMA, 99%) was obtained from Thermo Fisher Scientific and purified using a basic alumina column to remove inhibitor. Tetrahydrofuran (THF), anisole, toluene, acetone, and isopropanol were purchased from Fisher Scientific and used as received. Monomethacryloxypropyl-terminated poly(dimethylsiloxane) (MCR-M17, *M*~n~ = 5000 g/mol, DP = 70, *Đ* = 1.15) was obtained from Gelest and purified using basic alumina columns to remove inhibitor. Copper(I) bromide (CuBr, 99.999%), tris\[2-(dimethylamino)ethyl\]amine (Me~6~TREN), and ethylene bis(2-bromoisobutyrate) (2-BiB, 97%) were purchased from Sigma-Aldrich and used as received.

No unexpected or unusually high safety hazards were encountered.

Synthesis of Poly(dimethylsiloxane) Bottlebrushes {#sec4.2}
-------------------------------------------------

Synthetic procedures are similar to previously reported linear--brush--linear plastomers.^[@ref17]^ A 100 mL Schlenk flask equipped with a stir bar was charged with 2-BiB (9.6 mg, 26.6 μmol), MCR-M17 (50.0 g, 10 mmol), Me~6~TREN (12.2 mg, 14.2 μL, 53.3 μmol), and a solvent mixture of anisole (40 mL) and toluene (10 mL). The solution was bubbled with dry nitrogen for 1.5 h, and then Cu(I)Br (7.6 mg, 53.3 μmol) was quickly added to the reaction mixture under nitrogen atmosphere. The flask was sealed, purged for an additional 15 min, and then immersed in a 45 °C oil bath. The polymerization was stopped after 5 h to yield 79% monomer conversion as verified by ^1^H NMR ([Figures S5 and S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)), resulting in a bottlebrush PDMS polymer with DP of the backbone (*n*~bb~) ≈ 300. The polymer was precipitated two to three times from isopropanol to purify residual macromonomers. The resulting purified polymer was dried under a vacuum at room temperature until a constant mass was reached.

Linear--Bottlebrush--Linear ABA Plastomer Synthesis and Film Preparation {#sec4.3}
------------------------------------------------------------------------

The resulting PDMS bottlebrushes were used as bifunctional ATRP macroinitiators to grow PMMA at both ends using a similar procedure. For example, PDMS marco-initiator (5 g, 3.37 μmol), excess MMA (1 g), and Me~6~TREN (1.5 g, 1.8 μL, 6.75 μmol) were dissolved in a mixture of anisole (5 mL) and toluene (10 mL), degassed and followed with the addition of Cu(I)Br (0.96 g, 6.75 μmol). Growth of linear MMA was monitored by ^1^H NMR, and samples were quenched to afford a series of ABA block copolymers with an increasing linear-to-bottlebrush ratio. The resulting products were swelled and washed two to three times with acetone to remove MMA homopolymer and then swelled and washed two to three times with hexanes to remove unreacted PDMS bottlebrush and dried overnight ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)). A full synthetic inquiry into these impurities will be the subject of a later publication. Finally, the DP and volume fraction of linear end bocks were measured by ^1^H NMR ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)) as summarized in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf). Samples were dissolved in 85 wt % THF and cast into Teflon Petri-dishes (Welch Fluorocarbon) and left to dry overnight.

Atomic Force Microscopy {#sec4.4}
-----------------------

The imaging was performed in PeakForce QNM mode using a multimode AFM (Brüker) with a NanoScope V controller and silicon probes (resonance frequency of 50--90 Hz and spring constant of ∼0.4 N/m). Bottlebrush B block dimensions are extracted from AFM images in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf) and are consistent with expected dimensions described by ^1^H NMR.

Small- and Ultrasmall-Angle X-ray Scattering (SAXS and USAXS) {#sec4.5}
-------------------------------------------------------------

The USAXS and SAXS measurements ([Figure S9 and Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)) were carried out at the ID02 beamline of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The experiments were conducted in transmission geometry using a photon energy of 12.46 keV. The recorded 2D data were centered, calibrated, regrouped, and reduced to 1D using the SAXS utilities platform described elsewhere.^[@ref33]^ The analysis of the SAXS and USAXS data was performed using the SANS & USANS data reduction and analysis package provided by NIST^[@ref34]^ for the Igor Pro environment (WaveMetrics Ltd.).

The monochromatic incident X-ray beam was collimated on the sample to a footprint of 100 × 200 μm^2^ (*V* × *H*). The total photon flux was estimated to be 9 × 10^11^ ph/s allowing for acquisition times of less than 100 ms. The accessed *q* values, with *\|q*\| = 4π sin(θ)/λ, where θ is the Bragg angle and λ is the wavelength, cover a range from 7.0 × 10^--3^ nm^--1^ to 5.0 nm^--1^. A Rayonix MX-170HS implemented in a 35 m long vacuum flight tube was applied for recording of SAXS and USAXS intensities at two different sample-to-detector distances of 1.5 and 10.0 m, respectively. For optimization of the scattering signal, a binning of 2 × 2 pixels was applied resulting in an effective pixel size of 89 μm in both directions.

The in situ mechanical and structural measurements were performed with the help of a custom-made stretching device compatible with the ID02 beamline environment. The stretching device allowed for computer controlled synchronized motion of the two symmetrical fixtures in which the dog bone-shaped sample was clamped. For each deformation, the position of the X-ray beam on the sample was refined by scanning it along two perpendicular directions. The structural irreversibility in the loading/unloading cycles in the linear regime was specifically checked and found negligible for all the samples studied.

For quantitative analysis of the USAXS--SAXS curves, we utilize the scattering intensity as *I*(*q*) ≈ Φ^2^(*q*)*S*(*q*) where *S*(*q*) is the structure factor and Φ(*q*) is the form-factor, which, for homogeneous monodisperse spheres, has the following form . The polydispersity effect was incorporated by a convolution of the scattering intensity with the Gaussian size distribution functions. After extracting the PMMA sphere diameter (*D~L~*) and its polydispersity, the *S*(*q*) functions were analyzed.

Uniaxial Tensile Stress Strain Measurements {#sec4.6}
-------------------------------------------

Dog bone-shaped samples with bridge dimensions of 12 mm × 2 mm × 1 mm were loaded into an RSA-G2 DMA (TA Instruments) and subjected to uniaxial extension at 20 °C and constant strain rate of 0.005 s^--1^. Samples were stretched until rupture, revealing the entire mechanical profile. In each case, tests were conducted in triplicate to ensure accuracy of the data. All stress--elongationcurves show dependence of the true stress *σ*~true~ on the elongation ratio λ in accordance with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} at small and intermediate deformation range but switch to a linear scaling with λ at the later stages of deformation ([Figure S1 and Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf)). The elongation ratio λ for uniaxial network deformation is defined as the ratio of the sample's instantaneous size *L* to its initial size *L*~0~, λ = *L*/*L*~0~.

Biological Characterization of Tissue-like Substrates {#sec4.7}
-----------------------------------------------------

To prepare substrates for cell culture study, tissue-like substrates were placed in a 24-well plate, and type-1 collagen was conjugated to their surface using the heterobifunctional linker *N*-sulfosuccinimidyl-6-(4′-azido-2′-nitrophenylamino) hexanoate (sulfo-SANPAH, Pierce). In brief, 500 μL of a 0.2 mg/mL solution of sulfo-SANPAH in milli-Q H~2~O was added to each well in a 24-well plate which was then placed under a 365 nm UV light, and irradiated for 5 min. Subsequently, the substrates were washed three times with 50 mM HEPES in PBS. Afterward, 500 μL of 50 μg/mL type-1 collagen was added to each well, and the plate was stored 3 h at 4 °C to prevent collagen polymerization but allow the collagen to react to the surface. The collagen coated tissue-like substrates were washed three times with PBS and then incubated with culture media, 10% fetal bovine serum with 1% pen-strep in Dulbecco's modified Eagle medium warmed to 37 °C.

Two cell types of human normal mammary epithelial cells and adipose-derived mesenchymal stem cells were used for biological characterization of tissue-like substrates. Trypsinzed cells were seeded on the collagen functionalized substrates at an initial concentration of 20 000/cm^2^. Cell proliferation was analyzed over a week, while culture media was changed twice. To quantify the cellular proliferation on the substrate in the course of 1 week, the DNA content of the cells was measured using the Quanti-iT PicoGreen dsDNA kit (Invitrogen, USA) according to the manufacturer's instructions. Fluorescence microscopy was also measured to monitor the cells over a week. Immunohistochemical staining was performed using Cytopainter Red Fluorescence F-actin Staining kit and Cytopainter Green Fluorescence F-actin Staining kit for epithelial and mesenchymal stem cells, respectively, following the manufacturer's instructions. The 4′,6-diamidino-2-phenylindole (DAPI) was used to stain cell nuclei.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acscentsci.9b01216](https://pubs.acs.org/doi/10.1021/acscentsci.9b01216?goto=supporting-info).Theoretical discussion of LBL plastomer structure and elastic properties, mechanical parameters of literature tissues and gels, structural and mechanical properties of LBL plastomers from ^1^H NMR, AFM, X-ray and stress--elongation curves, and leachability tests of samples ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01216/suppl_file/oc9b01216_si_001.pdf))
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